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Proteins are the workhorses of biology and are essential to life as we know it. A
protein’s function in the cell is intimately related to its three-dimensional structure. Thus,
understanding structure formation in proteins has been an essential goal in molecular
biology. Experiments indicate proteins start acquiring structure inside the ribosome—the
cellular manufacturing plant of proteins—and the process is particularly important for
membrane proteins. Therefore, the ribosome appears to play an active role in facilitating
protein structure acquisition. However, how and when the ribosome accomplishes this task
remains poorly understood.
To better understand this process, we conducted molecular dynamics computer
simulations of a model system. The model system is simple enough to extract general
trends but complex enough to be relevant to real biological systems. In confirmation of
earlier theoretical studies, we find that a tube of nanoscopic size can induce α-helix
formation in proteins. However, we observe this confinement stabilization effect to be
dependent on the type and sequence of amino acids within proteins. We surmised that
water-mediated interactions would play a role in the sequence dependence and to quantify
this effect we computed the difference in solvation free energies between α-helix and coil
states for amino acids with polar and non-polar side chains while confined to polar or
non-polar nanotubes. We find that nanotube confinement preferentially stabilizes
hydrophobic protein sequences, which is consistent with experimental observations. We
elaborate on these observations and discuss the relevance to the ribosome tunnel.
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This dissertation describes two separate projects. Chapters 2 and 3 describe studies of
the helix-coil transition in nanotubes with supporting information provided in Appendices
A and B, respectively. Chapter 2 was published in 2017 in The Journal of Physical
Chemistry Letters.1 Appendix A contains the supporting information from that
publication and describes in detail the methods and some additional results. Chapter 3 is
an extension of the results presented in Chapter 2 and is not yet published but soon will be
submitted for publication. Appendix B describes in detail methods related to the results
presented in Chapter 3. The code for Chapters 2 and 3 is available on Github at
https://github.com/dsuvlu/helix-coil_cluster. The repository is private, but access
can be granted upon request.
Chapter 4 describes the second of the two projects and was conducted with another
student from Professor Rasaiah’s group, Mohsen Farshad. The work was inspired by
experiments he performed on nanocluster formation. The collective effort produced two
publications, one of which is described here and contained in Chapter 4 with supporting
information presented in Appendix C.2 The code for Chapter 4 is on Github as a Julia
package at https://github.com/dsuvlu/NanoclusterModeler.jl. The other publication




THERMODYNAMICS OF HELIX-COIL TRANSITIONS OF
POLYALANINE IN OPEN CARBON NANOTUBES.
2.1 Abstract
Understanding structure formation in polypeptide chains and synthetic polymers
encapsulated in pores is important in biology and nanotechnology. We present replica
exchange molecular dynamics studies of the phase diagram for α-helix formation of capped
polyalanine in nanotubes (NT) open to a water reservoir as a function of the NT diameter
and hydrophobicity. A helix forms only in a narrow range of diameters, which surprisingly
is comparable to the width of the ribosome tunnel. Increasing the hydrophobicity enhances
helicity in the NT. Helix formation in polyalanine is driven by a small negative enthalpy
and a positive entropy change at ≈ 300 K, in contrast to the large negative entropy change
that destabilizes the helix and favors the coiled state in bulk water. There is an
anti-correlation between water density inside the nanotube and structure formation.
Confinement-induced helix formation depends on amino acid sequence. There is complete
absence of helix in polyglutamine and polyserine confined to a open carbon nanotube.
Figure 2.1. Summary of results. Helix formation in A23 is unfavorable in bulk water but
favorable inside nanotubes open to water.
2
2.2 Introduction
Confinement of biopolymers and synthetic materials in nanopores play an important
role in DNA sequencing,3 drug delivery,4 biotechnology applications,5 folding,6
degradation of proteins,7 and in the design of biosensors.8,9 The structural transitions that
occur when water-soluble synthetic polymers are encapsulated in nanotubes (NT) are
important in the design of nanomaterials for use in membrane separation and energy
related applications. Another example of considerable interest in biology is the influence of
the cylindrical ribosome tunnel through which the newly synthesized protein must pass and
how it facilitates structure formation.10–14 The tunnel diameter varies between 10 and 20Å
with an average of approximately 15Å.15 A number of experiments have shown there are
zones within the tunnel that are conducive to compaction and α-helix formation.10–14,16
Theoretical studies indicate conformational restrictions of the coiled state in a confined
system make it entropically more unfavorable than the α-helix, thus favoring the formation
of the helical state.17–19 We investigate this here and study the thermodynamics of the
coil-helix transition of polyalanine encapsulated in a nanotube open to a water reservoir.
We present results of an all-atom replica exchange molecular dynamics (MD) study of
helix formation in capped 23-alanine (COCH3-A23-NHCH3) confined to NTs. The NTs are
open to a water reservoir implying that, at equilibrium, the chemical potentials of the bulk
and confined water are identical. Using extensive converged atomically detailed simulations
covering a broad range of temperature and differing values of the NT diameter (D) we
discovered the following key results. (1) We find that the twenty three alanine peptide
(A23) forms a stable helix over a narrow optimal range of D (≈ 13–15Å). The helix
content, which changes non-monotonically with D, decreases precipitously outside the
optimal range of D. (2) By varying the hydrophobicity of the confining carbon nanotube
we demonstrate that there is an anti-correlation between the extent of hydration and the
α-helical content. In other words, in the optimal range of D A23 adopts a helical structure
in the region of carbon NT which is essentially devoid of water. (3) Interestingly,
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thermodynamic analyses show that the observed transition from coil to helix in A23 is
driven by a negative enthalpy change in the temperature range 280–500 K and a small
positive change in entropy below ≈ 350 K due to nanoconfinement. This is dramatically
different from the behavior in bulk water in which a large unfavorable (negative) entropy
change for the coil to helix transition overwhelms the accompanying negative enthalpy
change, except below ≈ 290 K for the CHARMM36 force field. All of the results are
qualitatively insensitive to the force fields employed but there are quantitative differences.
2.3 Methods
In order to establish the robustness of our results we used three different force fields
(AMBER99SB*-ILDN,20,21 CHARMM3622,23 and CHARMM2224,25). The CHARMM22
force field has a strong propensity to form α-helices in polypeptides.20,22 We confirmed this
in our replica exchange simulations of A23 in bulk water and NTs (see Appendix A) and
discarded it in favor of the AMBER99SB* and CHARMM36 force fields. To model the
changes in the tunnel-peptide interactions we scaled the Lennard-Jones interaction of the
carbon atoms in the NT using a parameter λ, which can take on values from zero to
unity.18 For the values used in our simulations, λ = 1.0, 0.80, 0.64 and 0.56, A23 is stably
encapsulated in the NT.
We performed replica exchange molecular dynamics simulations26 using gromacs
5.1.227 for A23 in bulk water and in armchair (n, n) NTs with lengths of 100Å and
diameters (D = 0.783Å
√
3n) of 12.2, 13.6, 14.9, 16.3, and 20.4Å. The NTs were immersed
in a water bath with hexagonal periodic boundary conditions. The 12.2, 13.6 and 14.9Å
NT systems each contained 74 replicas while the 16.3 and 20.4Å systems each contained 84
and 88 replicas respectively. The convergence time of each system varied and we monitored
the results for convergence by analyzing the structure of A23 with time. A table of
simulation length per replica is provided in Appendix A. Simulated annealing was
conducted for the largest NT (D = 35.3Å) with a simulation length of 200 ns. The
4
temperature range of the replicas was 280–500 K where the temperature spacing was
determined by following a procedure described elsewhere28 such that the exchange
probability was at least 0.23 (±0.02) with replica exchange attempts every 1 ps. This also
generates the data necessary to compute the thermodynamics of helix formation
(Table 2.1). Our replica exchange calculations were validated by comparing our results for
the thermodynamics of the helix-coil transition in TIP3P water with previous studies20,22
with good agreement. Errors are estimated by block averaging.29 Additional details of the
systems and the simulations are in Appendix A.
2.4 Results and Discussion
Snapshots of the equilibrated polypeptide for the CHARMM36 force field in each NT
(Fig. 2.4) give a picture of the opposing influence of confinement and hydration. The most
important observation is that, for all D, a helix forms along the axis of the tube only in
regions depleted of water molecules and over a narrow range of diameters. The fractional
helix content ΘH (see SI for details) as a function of tube diameter for λ = 1.0 (least
hydrophobic) is displayed in Fig. 2.4.
The striking aspect of the results in Fig. 2.4 is that ΘH changes non-monotonically with
D. There is complete absence of helix content for large D with ΘH being even less than in
bulk water for the CHARMM36 and AMBER99SB* force fields. Helices form only when
the diameter of the nanotube is larger than 12.2Å and smaller than 20.4Å, with the
optimal diameter for the pristine α-helix being close to 13.6Å. Interestingly, this value is
comparable to the average diameter (D ≈ 15Å) of the region in the ribosome tunnel where
α-helix formation is most favorable.14,16 As D decreases below 13.6Å, ΘH decreases
precipitously, which tidily explains the absence of compaction of polypeptide chains in the
region of constriction located in lower part of the ribosome tunnel. For D = 12.2Å, A23 is
extended with ΘH ≈ 0. Similarly, ΘH is greatly reduced in the NTs with D ≥ 20.4Å, when
the polypeptide is adsorbed onto the interior wall of the NT. The prediction that A23 forms
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Figure 2.2. Randomly selected equilibrium conformations of A23 in NTs with diameter (from
top) D = 12.2, 13.6, 14.9, 16.3, 20.4, and 35.3Å for λ = 1.0 at 300 K obtained using the
CHARMM36 force field. Images from the AMBER force field are in Appendix A.
an α-helix is in contrast with a previous study,30 which showed helix formation does not
occur in the physically unrealistic periodically replicated NT. Figure 2.4 illustrates that the
(φ, ψ) angles are localized predominantly in the α-helical region.
Fig. 2.4 shows a phase diagram for helix formation in which ΘH is plotted as a function
of D and λ. It is clear that for D = 13.6Å, ΘH achieves a maximum for all λ ≥ 0.56.
Changes in D and λ have significant effects on the stability of the α-helix. Small changes in
λ broaden the optimal D for which ΘH is a maximum. As λ decreases from 1.0 through
6





























Figure 2.3. (Left) Fractional helix content ΘH of A23 encapsulated in a NT of varying
diameters with λ = 1.0 at 300 K for CHARMM36 and AMBER99SB*-ILDN force fields.
Horizontal lines are the values of ΘH in bulk water. Where error bars are not visible they
are smaller than the symbol. (Right) Phase diagram of ΘH at 300 K in the (D,λ) plane for
the AMBER99SB*-ILDN force field shows that for all λ, helix formation occurs only over a
limited range of D values.
0.80 and 0.64 to 0.56, the NT becomes more hydrophobic (see Table 2.2) resulting in an
increase in ΘH for D ≥ 13.6Å. Additionally, the phase diagram in the (D,T ) plane
displayed in Appendix A for both force fields shows that the helix is stable up to a
temperature of ∼ 500 K in the D = 13.6Å NT.
The thermodynamics of helix formation in A23 are determined by fitting
∆GHC = −RT lnK(T ) = ∆Htotal(T )− T∆Stotal(T ) = (n− 2)∆Hres(T )− nT∆Sres(T )31,32
(see Appendix A for details) to the data where K = ΘH/(1−ΘH) and n = 23 is the
number of residues (Fig. 2.6 and Table 2.1).
The enthalpy, entropy, and heat capacity change of helix formation in A23 in bulk water
are qualitatively consistent with previous estimates from experiment33 and simulation.34
The enthalpy and entropy of helix formation is greater in magnitude for the CHARMM36
force field in bulk water than for the AMBER99SB* force field (Table 2.1 and Fig. 2.6), as
found previously.22 However, the all-or-nothing two-state helix-coil model used to obtain
7












































Figure 2.4. Fractional helix content ΘH as a function of T (K) (for λ = 1.0) and t (ns) (at
300 K) of A23 in the NTs and bulk water. In the plots of ΘH vs T only every third data point
is plotted for clarity. Where error bars are not visible they are smaller than the symbol.
the thermodynamic values in Table 2.1 underestimate both the enthalpy and entropy of
helix formation in the bulk phase. Experiment shows the enthalpy of helix formation in
alanine based polypeptides to be ≈ −3.8 kJ mol−1 res−1 33 but bulk water simulations with
the CHARMM36 force field give a value of ≈ −1.4 kJ mol−1 res−1. To account for the
imperfect cooperative nature of the helix-coil transition we fit our data to the Lifson-Roig
model (see Appendix A) which gives a value of −3.29 kJ mol−1 res−1 for the enthalpy of
helix formation with the CHARMM36 force field in bulk water.
Figure 2.6 shows helix formation in A23 in bulk water is unfavorable except below ≈
290 K with the CHARMM36 force field, but is favorable in the D = 13.6Å NT even up to
500 K. Inside the D = 13.6Å NT helix formation at 300 K is driven by a negative ∆H and
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Figure 2.5. Ramachandran potentials of mean force − lnP (φ, ψ) of the inner 21 residues in
A23 in D = 13.6Å NTs and bulk water for both force fields at 300 K.
is less negative than in bulk water. Importantly, ∆CP in the D = 13.6Å NT is negative,
the opposite of ∆CP in bulk water, which completely alters the temperature dependence of
∆Htotal and ∆Stotal in the D = 13.6Å NT. As the temperature increases, both ∆Htotal and
T∆Stotal decrease but T∆Stotal decreases at a greater rate resulting in a slight increase in
∆GHC with temperature (Fig. 2.6). Table 2.1 shows how ∆H300K and ∆S300K vary with λ.
As λ decreases from 1.0 to 0.56, ∆H300K becomes more negative and ∆S300K becomes less
positive. The net result is the helix becomes more stable as λ decreases as displayed in
Fig. 2.6. Furthermore, the free energy displays a minimum inside the D = 13.6Å NT which
shifts to lower temperatures as λ decreases (Fig. 2.6). Based on polymer physics of
confinement it was argued that the positive difference between ∆SNT and ∆Sbulk could
9










































charmm36, D = 13.6 Å
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Figure 2.6. The top four panels display the Gibbs free energy ∆GHC = −RT lnK(T ) (solid
line), enthalpy ∆Htotal (dashed line), and entropy T∆Stotal (dashed-dotted line) of helix
formation for bulk water and the D = 13.6Å NT for both force fields with λ = 1.0. The
bottom two panels display the Gibbs free energy for different λ for both force fields in the
D = 13.6Å NT.
stabilize the helix state over a narrow range of tube diameters.17 Although this trend is
borne out from our simulations we also note that enthalpy is a major driving force for helix
formation inside the D = 13.6Å NT. Furthermore, the release of hydrating water molecules
from the peptide during the folding process contributes to the positive change in entropy
observed in our simulations.
We now elaborate on the role of water molecules in helix formation of A23 as a function
of D to illustrate the interplay between confinement and hydration effects. A helical
polypeptide occupies more space (larger excluded volume) in the NT than conformations
lacking structure. The larger excluded volume of the ordered state leads to release of water
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Table 2.1. Thermodynamic fits to the data. See Appendix A for details about the fitting
procedure.
force field λ ∆H300K ∆S300K ∆CP
kJmol−1 res−1 Jmol−1 K−1 res−1 Jmol−1 K−1 res−1
bulk
charmm36 −1.37 (0.02) −4.24 (0.06) +3.25 (0.18)
amber99sb* −0.54 (0.02) −2.30 (0.06) +2.08 (0.16)
D = 13.6Å
charmm36 1.0 −0.31 (0.01) +0.41 (0.01) −2.05 (0.04)
charmm36 0.80 −0.39 (0.01) +0.23 (0.02) −1.85 (0.05)
charmm36 0.64 −0.46 (0.01) +0.07 (0.02) −1.71 (0.04)
charmm36 0.56 −0.47 (0.01) +0.05 (0.02) −1.67 (0.05)
amber99sb* 1.0 −0.08 (0.00) +0.63 (0.01) −2.38 (0.03)
amber99sb* 0.80 −0.14 (0.00) +0.50 (0.01) −2.16 (0.04)
amber99sb* 0.64 −0.18 (0.00) +0.40 (0.01) −2.11 (0.04)
amber99sb* 0.56 −0.20 (0.00) +0.36 (0.01) −2.06 (0.03)
molecules from the vicinity of the ordered α-helix, explaining the anti-correlation between
hydration and structure formation. This anti-correlation is vividly illustrated in Table 2.2
and Fig. 2.4. The number of water molecules in the NT and the number of hydrogen
bonded waters to A23 decreases with decreasing λ (Table 2.2). When D = 13.6Å and
λ = 0.56, ΘH is a maximum and NW is a minimum. A similar, more pronounced trend,
occurs in the D = 14.9Å NT. These results show quantitatively that helix formation is
anti-correlated with the removal of water molecules from the vicinity of the polypeptide
and its expulsion from the NTs into a reservoir. A corollary of this finding is if the peptide
were hydrated in the NT, the helical state of A23 would be destabilized. In this case the
extended state would be stabilized by favorable peptide-NT interactions and interactions
between the peptide and water (Fig. 2.4 for illustrations). In contrast to the absence of
water in the vicinity of the helix, a recent study35 found that in narrow pores the water
soluble polyethylene oxide is hydrated in carbon nanotubes, indicating hydration effects on
encapsulated peptides and polymers depend on the sequence. Furthermore, our replica
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Table 2.2. Fractional helicity ΘH, number of water molecules inside the NT NW , and number
of peptide-peptide NPP and peptide-water NPW hydrogen bonds at 300 K for each λ.
force field λ ΘH NW NPP NPW
D = 13.6Å
amber99sb* 1.0 0.9509± 0.0006 151 20.35 8.14
amber99sb* 0.80 0.9561± 0.0007 144 20.47 7.69
amber99sb* 0.64 0.9598± 0.0006 137 20.56 7.35
amber99sb* 0.56 0.9614± 0.0004 133 20.59 7.15
D = 14.9Å
amber99sb* 1.0 0.037± 0.002 225 3.50 29.17
amber99sb* 0.80 0.201± 0.021 212 6.29 25.85
amber99sb* 0.64 0.905± 0.005 187 18.41 7.02
amber99sb* 0.56 0.923± 0.002 182 18.66 6.50
exchange simulations show no helix formation in polyglutamine and polyserine in
nanotubes with diameters of 16.3 and 13.6Å respectively.
2.5 Conclusions
Based on replica exchange molecular dynamics simulations of polyalanine (A23) in NTs
open to a water reservoir over a range of diameters (D = 12.2–35.3Å) and temperatures (T
= 280–500 K) we find that confinement and hydration promote helix formation only over a
narrow range of D. In contrast to the bulk, A23 forms thermodynamically stable α-helices
upon encapsulation in open NTs within a narrow range of diameters from ≈ 13–15Å,
which is remarkably close to the average diameter of the ribosome tunnel.14 Interestingly,
water is expelled from the vicinity of the ordered state of A23 (Fig. 2.4) implying that helix
formation is anti-correlated with the number of water molecules inside the NT (Table 2.2).
Increase in the hydrophobicity of the tubes broadens the range of diameters for optimal
helix formation as displayed in a phase diagram in the (D,λ) plane (Fig. 2.4). The
thermodynamics of helix formation obtained from the temperature dependence of the
fractional helical content ΘH of A23 with D = 13.6Å shows that α-helix formation is driven
by favorable negative enthalpy and positive entropy change from the coiled to helical state
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at 300 K. In contrast, the large negative entropy change for this process in bulk water
inhibits helix formation. To our knowledge this is the first report on the thermodynamics
and the existence of a critical range of diameters for helix formation in a polypeptide chain
confined to nanotubes in the presence of molecular water. Given that the subtle interplay
between enthalpy, entropy, and hydration determines α-helix formation, it follows that the
extent of structure formation in nanotubes and in the tunnel of the ribosome should
depend on the precise polypeptide sequence. Thus, based on our findings, which are
qualitatively robust to changes in force fields, we surmise that atomically detailed
simulations are needed to decipher the mechanism of helix formation in nanopores and the
biologically relevant ribosome tunnel.
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CHAPTER 3
WATER-MEDIATED INTERACTIONS CONTRIBUTE TO HELIX
FORMATION IN PROTEINS CONFINED TO NANOTUBES
3.1 Abstract
Water-mediated interactions (WMIs) are recognized for their importance in molecular
biology. WMIs can be particularly impactful in geometrically confined systems such as the
chaperonin, or ligand binding. We describe results from replica exchange molecular
dynamics simulations of a model system containing a 23-alanine or 23-serine polypeptide
confined to non-polar and polar nanotubes. We quantify the effect of water in determining
the preferred conformational states of these model polypeptides by calculating the
difference in solvation free energy for the helix and coil states. We find that nanoscopic
confinement preferentially stabilizes the helical state of polypeptides with hydrophobic side
chains. Polypeptides with hydrophilic side chains can adopt helical structures within
nanotubes, but helix formation is more sensitive to the nature of the nanotube due to
WMIs. We elaborate on these observations and discuss the relevance to the ribosome
tunnel.
3.2 Introduction
Understanding proteins in crowded and confining environments is important for
knowledge of their function in the cell.36,37 For example, experiments suggest the ribosome
facilitates structure acquisition in proteins and plays a functional role in structure
formation in proteins in the cell.12,13,38–45 Theoretical studies indicate the ribosome tunnel
stabilizes the α-helix in proteins by destabilizing the coiled state through a reduction in
entropy of the coiled state due to conformational restrictions from the confining
walls.17,18,46 Molecular dynamics simulations of a hydrophobic polypeptide confined to a
carbon nanotube showed that the coiled state is preferred in the nanotube30 which ran
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contrary to expectations from polymer physics.17 The cause of this surprising behavior was
attributed to the presence of water which was confined within the nanotube.47 Additional
studies indicate a central role for water in determining conformational preferences of
biomolecules in crowded and confining environments48 and water has been receiving
increasing attention for its role in biology.49–52 For example, the hydrophobic effect is
thought to play an important role in protein folding,50,51,53 but these water-mediated
interactions are not completely understood, and surprises54,55 and even controversy56
remain. Therefore, water-mediated interactions continue to be a topic of interest in
molecular biology and are relevant to understanding protein conformational preferences
and protein-protein interactions.57–60
Conformational preferences of biomolecules in nanoscopic confinement are difficult to
predict due to the presence of many competing interactions. For example, one must
consider not only intramolecular interactions within the protein, but also intermolecular
interactions with a confining surface and how both of these interactions are mediated by
water. The latter water-mediated component of these interactions is inherently a
many-body effect and is difficult to describe theoretically. Further, water can behave in
surprising ways in confined spaces61,62 leading to additional complexity. Here, we employ a
simplified model system containing a homopolymer with either a hydrophobic or
hydrophilic amino acid confined to polar or non-polar nanotubes. The model benefits from
being simple enough as to extract meaningful trends, but complex enough to potentially be
relevant to biological systems. Using molecular dynamics simulations we demonstrate
water-mediated interactions contribute to conformational preferences of proteins in
nanotubes. We quantify water-mediated interactions in this context by calculating the
difference in solvation thermodynamics between the helix and coil states while confined to
non-polar and polar nanotubes. Our simulation results suggest hydrophobic protein
sequences will preferentially form α-helices inside nanotubes and our results will be of
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interest to researchers studying water-mediated interactions and confinement effects on
biomolecules.
3.3 Methods
Our liquid water simulations followed a similar procedure to our previous work.1 We
performed replica exchange molecular dynamics simulations26 using gromacs 5.1.227 with
the CHARMM36 force field.22,63 The nanotubes were 100Å in length with diameters
(D = 0.783Å
√
3n) 13.6, 14.9, 16.3, 17.6, and 18.9Å. The 13.6 and 14.9Å NT systems each
contained 74 replicas, while the 16.3, 17.6, and 18.9Å NT systems each contained 84
replicas. The replicas spanned the temperature range 280 K to 500 K with the temperature
spacing between replicas determined by a procedure described elsewhere28 such that the
exchange probability between replicas was at least 0.23 (±0.02). Exchange attempts
between replicas were attempted every 1 ps. Errors were estimated with block averaging.29
The gas phase simulations followed a procedure used previously to study protein dynamics
in the gas phase.64,65 The number of replicas for each NT system in the gas phase was 30,
spanning the temperature range 280 K to 600 K with temperature spacing such that the
exchange probability between replicas was approximately 0.30 (±0.01). Additional details
of the simulation methods can be found in Appendix B.
To compute the difference in solvation free energies between the helix and coil states we
constructed a thermodynamic cycle (Fig. 3.1). The solvation free energy of the helix is
∆Gsh = ∆H
s
h − T∆Ssh where ∆Hsh = Euvh + ∆Hvvh and ∆Ssh = Suvh + ∆Svvh .66–69 The solute
(polypeptide + nanotube) is denoted by u and the solvent (water) is denoted by v. The
quantity Euvh is the average interaction energy between the solute and solvent and ∆Hvvh is
the water reorganization energy upon solvation.66–69 The quantity Suvh is the entropy
associated with solute-solvent interaction energy fluctuations.66–69 A similar expression is
16
Figure 3.1. Thermodynamic cycle used in calculating ∆∆Ghc, the difference in solvation
free energies between the helix and coil states.




= ∆∆H − T∆∆S (3.2)
= ∆Euvhc + ∆∆H
vv
hc − T (∆Suvhc + ∆∆Svvhc ). (3.3)
Free energy is conserved around the cycle (Fig. 3.1), therefore, the difference in solvation
free energies can be computed through the difference in free energies of the helix and coil
states in the liquid (∆Glhc) and gas phases (∆G
g
hc), ∆∆Ghc = ∆G
s
h −∆Gsc = ∆Glhc −∆Gghc.
Both ∆Glhc and ∆G
g
hc can be obtained from replica exchange molecular dynamics
simulations, from which we obtain an estimate of ∆∆Ghc and, therefore, insight into the
water-mediated contributions to helix formation inside nanotubes.
We computed ∆∆Ghc for four systems. (1) A polypeptide (A23) with a non-polar side
chain (–CH3) confined to a non-polar carbon nanotube (NPNT). (2) A polypeptide (S23)
with a polar side chain (–CH2OH) confined to a non-polar carbon nanotube. (3) A23
confined to a polar boron nitride nanotube (PNT), and (4) S23 confined to a polar boron
nitride nanotube.
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The free energy of helix formation in the liquid and gas phases was computed as
∆Gxhc = −RT lnK(T ) where K(T ) = fh(T )/(1− fh(T )). The fraction of the polypeptide in









where Z is the partition function of the polypeptide and n is the number of amino acids.
Additional details about how the thermodynamics at 300 K were determined are provided
in Appendix B.
3.4 Results and Discussion
Figure 3.2 displays the fraction helix of A23 and S23 confined to the NPNT and PNT in
the liquid and gas phases as a function of temperature. Inside both the NPNT and PNT,
A23 has greater helix content in the presence of water compared to the gas phase.
Conversely, at 300 K S23 forms a helix inside the NPNT in the gas phase but not in the
presence of water. However, the helix content of S23 is reestablished in the PNT when in the
presence of water. We elaborate on these observations by discussing the difference in free
energies of helix and coil states in the gas and liquid phases ∆∆Ghc for the four systems.
3.4.1 NPNT/A23
We calculated the free energy of helix formation in A23 inside a carbon nanotube in the
gas phase and in liquid water (Fig. 3.3). Compared to the gas phase, the helix state of A23
in the presence of water has a lower free energy with ∆∆Ghc ≈ −4 kJ/mol (Table 3.1). In
other words, it is more favorable to solvate the A23 helix/nanotube system than the A23
coil/nanotube system. Table 3.1 demonstrates the reason for this is energetic rather than
entropic. Specifically, ∆∆H < 0 while ∆∆S < 0. Further, in the coil state A23 has many
more hydrogen bonds with water than in the helix state. Therefore, the water-polypeptide
interaction energy is expected to be more negative for the coil than the helix,
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Figure 3.2. Fraction helix fh of polyalanine (A23) and polyserine (S23) as a function of
temperature while confined inside the non-polar carbon nanotube (NPNT) and polar boron
nitride nanotube (PNT) both with and without water.












































Figure 3.3. Free energy of helix formation in polyalanine (A23) and polyserine (S23) confined
inside 13.6 Å non-polar carbon nanotubes both with and without water. The parameter λ
scales the Lennard-Jones potential of the carbon nanotube.
energy favors the helix state inside the nanotube and provides greater helix stability for
A23 in the liquid phase compared to the gas phase.
We also scaled the dispersion energy of the carbon nanotube with a parameter λ (see
Appendix B for details). The free energy of helix formation inside the NPNT in the gas
phase is relatively insensitive to reductions in the dispersion energy. In the presence of
water, however, the free energy of helix formation decreases by approximately −1 kJ/mol
as λ decreases from 1.0 to 0.56. The increase in helix stability as the dispersion energy of
the nanotube decreases suggests a dewetting phenomena contributes to helix formation in
this case. The surface of the A23 helix is hydrophobic (Fig. 3.4) as is the inside surface of
the NPNT. During helix formation, these two surfaces associate while simultaneously
20
Table 3.1. Differences in free energy, enthalpy, and entropy for the helix and coil states at
300 K for A23 and S23 confined to the non-polar carbon nanotube.
∆∆Ghc (kJ/mol) ∆∆H (kJ/mol) ∆∆S (J/mol)
A23
λ = 1.00 −3.79± 0.25 −4.42± 0.18 −2.1± 0.6
λ = 0.56 −4.42± 0.39 −9.29± 0.27 −16.2± 0.9
S23
λ = 1.00 11.1± 2.3 48.8± 1.7 125.6± 5.2
λ = 0.56 9.2± 1.5 25.8± 1.1 55.3± 3.4
expelling water from the region between them. This dewetting phenomena becomes more
likely as the dispersion energy of the nanotube decreases since there are fewer water
molecules in the tube and water density fluctuations become more likely.51
3.4.2 NPNT/S23
In contrast to A23, which has a hydrophobic side chain, S23 has a hydrophilic side chain
(Fig. 3.4). Therefore, the water-mediated interactions between S23 and the nanotube are
expected to be different from A23. Indeed, we observe helix formation in S23 in the NPNT
in the gas phase at 300 K which is expected from polymer physics, but we do not observe
helix formation in S23 when in the presence of water inside the NPNT. This is further
demonstrated by the negative change in free energy for helix formation at 300 K in the gas
phase, but positive free energy change for helix formation in the presence of water
(Fig. 3.3). The result is a positive difference in free energies between the helix and coil
states for S23 (Table 3.1). In other words, solvation of the S23 coil/nanotube system is more
favorable than the S23 helix/nanotube system when the nanotube has non-polar walls. The
–OH functional group of S23 forms approximately 42 hydrogen bonds with water molecules
inside the D = 13.6Å nanotube (Fig. 3.5). To form a helix, S23 would have to break many
of these hydrogen bonds because at D = 13.6Å there is not enough room inside the
nanotube to maintain a hydration layer around the helix (Fig. 3.4). Therefore, ∆Euvhc >> 0
and ∆∆H >> 0 and, consequently, this disfavors helix formation in S23 inside the NPNT.
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Figure 3.4. Electrostatic potential from the Poisson-Boltzmann equation for the coil and
helix states for (a) A23 and (b) S23 inside the NPNT. Blue indicates positively polarized
(–NH), red indicates negatively polarized (–CO and –OH), and gray indicates neutral or
non-polar. Note the non-polar nature of the surface of the A23 helix, and the polar nature
of the surface of the S23 helix.
The release of the hydrogen bonded water from the serine hydroxyl group during helix
formation would result in an increase in the entropy of the bound water due to the increase
in translational freedom. This is reflected in the positive ∆∆S in Table 3.1, but its
magnitude is not large enough to compete with energy required to desolvate the peptide
side chain. In this case, it could be expected that the helix content in S23 might increase
with temperature as water’s tendency to form hydrogen bonds decreases with increasing
temperature. This is observed in the temperature dependence of the helix content in S23 in
the NPNT, with a maximum in fh observed at approximately 350 K before approaching
zero for T > 350 K (Fig. 3.2).
22















































Figure 3.5. Number of peptide-peptide and peptide-water hydrogen bonds (Nhb) as a function
of time at 300 K for A23 and S23 confined to the NPNT (λ = 1.00) and PNT (|q| = 0.30).
The displayed averages are calculated from the last 50 ns of the simulations.
3.4.3 PNT/A23
The temperature dependence of fh is very similar in the PNT/A23 system compared to
the NPNT/A23 system, with minor differences observed at a larger nanotube diameter of
D = 14.9Å (Fig. 3.2). The difference in solvation free energies between the helix and coil
states is approximately the same in both nanotubes with ∆∆Ghc ≈ −4 kJ/mol (Table 3.2).
However, there are disparities in the enthalpy and entropy differences in the two systems.
For example, ∆∆H is less negative in the PNT than the NPNT. However, this is
compensated by a positive ∆∆S in the PNT indicating the solvation entropy is more












































Figure 3.6. Free energy of helix formation in polyalanine and polyserine confined to a 13.6 Å
boron nitride nanotube both with and without water. |q| is the absolute value of the partial
charge placed on the boron and nitrogen atoms in the boron nitride nanotube.
between helix and coil states ∆∆Ghc becomes more negative as the partial charge on the
boron and nitrogen atoms increase inside the nanotube. Table 3.2 indicates the energy is
responsible for the decrease in ∆∆Ghc and this is perhaps due to the increase in the
exposed surface area inside the nanotube as the helix forms. This would allow more
interactions between the nanotube surface and the water resulting in a more negative
∆∆H which favors the helical state.
3.4.4 PNT/S23
Upon changing the nanotube walls from non-polar to polar, S23 forms a helix when
confined to the D = 13.6Å nanotube in the presence of water at 300 K. Further, the helix
is more stable in the presence of water than in the gas phase with ∆∆Ghc ≈ −1 kJ/mol.
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Table 3.2 demonstrates the reason for this is due to energy rather than entropy for the
nanotube with partial charges of |q| = 0.30. When |q| = 0.70 the uncertainty resulting from
the fit to lnK(T ) in the gas phase was too large to provide accurate estimates of the
thermodynamics. The thermodynamics in the PNT demonstrate a dramatic reversal from
S23 in the NPNT. Instead of a large positive enthalpy change as in the NPNT, the partial
charge on the PNT has made it so ∆∆H < 0 which stabilizes the helix at 300 K. However,
with a slight increase in nanotube diameter from D = 13.6Å to D = 14.9Å, the fraction of
S23 forming a helix is nearly zero (Fig. 3.2) in the presence of water except in the nanotube
with |q| = 0.70 partial charges on boron and nitrogen.
Table 3.2. Differences in solvation free energy, enthalpy, and entropy for the helix and coil
states at 300 K for A23 and S23 confined to the polar boron nitride nanotube.
∆∆Ghc (kJ/mol) ∆∆H (kJ/mol) ∆∆S (J/mol)
A23
|q| = 0.30 −3.33± 0.33 −2.03± 0.23 4.31± 0.34
|q| = 0.70 −3.95± 0.37 −3.78± 0.26 0.60± 0.87
S23
|q| = 0.30 −1.09± 0.62 −4.85± 0.44 −12.6± 1.4
|q| = 0.70 −0.9± 3.5 3.2± 2.5 13.3± 8.2
3.4.5 NPNT/VSV-G
We also conducted gas phase and liquid water replica exchange MD simulations of wild
type and three mutant amino acid sequences from the membrane protein VSV-G. The 20
amino acid wild type sequence was SSIASFFFIIGLIIGLFLVL. In the first mutant
(AAIAAFFFIIGLIIGLFLVL) we substituted alanine for serine to observe what effect, if any,
the substitution would have on the helix content of the protein sequence. In the second
mutant (SSIASFFFIIALIIALFLVL) we substituted alanine for glycine since glycine is a
known helix breaker in proteins. The third mutant contained both substitutions
(AAIAAFFFIIALIIALFLVL). Figure 3.7 displays fh for each sequence as a function of
nanotube diameter and protein sequence both with and without water while confined to
25
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Figure 3.7. Displayed is the fractional helix content fh of wild-type and mutant sequences
extracted from the protein VSV-G as a function of nanotube diameter and protein sequence.
The top row is from simulations in the gas phase, while the simulations in the second row
contained liquid water.
the NPNT. In each case, the middle of the sequence forms a helix inside the nanotube with
slight helicity towards the C-terminus of the sequence. This observation is consistent with
results from molecular dynamics simulations of the same sequence confined to the ribosome
tunnel.43 The N-terminus of the sequence contains three serines that display little helicity
inside the nanotube, and does not increase upon substitution with alanine. Confinement
has the greatest effect on helix stabilization in alanine and serine at D = 13.6Å while the
amino acids with bulky side chains, such as isoleucine (I) and leucine (L), are too large to
form a helix at that diameter. Therefore, we do not observe helix formation in alanine or
serine for D ≥ 14.9Å but we observe helix formation in the bulky amino acids in the
middle of the protein sequence. These data highlight the extreme sensitivity of confinement
induced helix stabilization on the diameter of the confining surface.
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3.4.6 Biological Implications
The results presented thus far demonstrate a complex interplay of many competing
interactions contributing to the preferred states of proteins in nanotubes. Confinement to
the nanotube in the gas phase induces helix formation when the diameter of the confining
wall is slightly larger than the diameter of the helix (Fig. 3.2). This behavior is expected
from prior studies utilizing elegant concepts from polymer physics.17 However, even in the
gas phase the extent of helix stabilization depends on the nature of the amino acid sequence
and on the type of interactions with the nanotube walls. For example, polyalanine forms a
helix inside both the non-polar and polar nanotubes, but polyserine displays differing
behavior depending on the interactions with the nanotube, especially as the diameter of
the nanotube increases (Fig. 3.2). In liquid water, water-mediated interactions between the
protein and the nanotube further complicate the picture. For example, when the nanotube
wall is non-polar, polyserine prefers the coil state. However, upon confinement to a
nanotube with polar walls, the helix state is stabilized for diameters just slightly larger
than the helix. These data suggest that protein sequences containing stretches of
hydrophobic amino acids might preferentially form α-helices inside the ribosome tunnel.
Indeed, experiments investigating helix formation inside the ribosome tunnel demonstrated
that hydrophobic transmembrane protein sequences form compacted structures inside the
tunnel, suggesting the formation of an α-helix.43 We performed simulations of a 20 amino
acid sequence from wild-type and mutant forms of the VSV-G protein confined to a
non-polar nanotube with varying diameters. In the wild-type and mutant sequences we
observed helix formation in the middle of the sequence with some helicity at the
C-terminus. The portion of the protein sequence containing serine did not form a helix
inside the nanotube and this was expected when considering our results with S23. When
alanine was substituted for serine in the sequence, the helicity did not increase which was
contrary to our expectations arising from the A23 results. These observations can be
rationalized when considering the strong diameter dependence of confinement induced helix
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stabilization. The smaller alanine does not experience confinement induced helix
stabilization at the same diameters as the larger hydrophobic amino acids such as leucine
(L), isoleucine (I), and phenylalanine (F). Consequently, the helicity does not increase upon
substitution of serine with alanine for D ≥ 14.9 . However, each VSV-G protein sequence
formed a helix within the center of the sequence and this is consistent with prior studies.43
3.5 Conclusions
Altogether, our results suggest that water-mediated interactions contribute to helix
formation inside nanotubes and that proteins containing stretches of hydrophobic amino
acids will preferentially from α-helices inside nanotubes. Our simulations indicate protein
sequences containing polar amino acids could also form α-helices but the extent of helix
formation is sensitively dependent on the diameter of the confining nanotube and the
nature of the nanotube surface. Our study is pertinent to understanding protein
conformational preferences in confined spaces and inside the ribosome tunnel in particular.
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CHAPTER 4
NANOCLUSTER GROWTH AND COALESCENCE MODULATED BY
LIGANDS
4.1 Abstract
We describe a model of nanocluster formation that incorporates competition between
ligand adsorption and nanocluster growth. Growth occurs through the addition of a
metal-ligand complex and coalescence of nanoclusters. The competition between ligands
for binding sites on the nanoclusters and growth of the nanoclusters through coalescence
creates interesting growth pathways. The patterns are reminiscent of those observed in the
synthesis of gold thiolate nanoclusters. For a particular set of rate coefficients, described
herein, we observe the formation of a kinetically stable nanocluster that participates in
coalescent growth. This determines the size interval of the resulting nanoclusters in the size
distribution. The kinetically stable cluster can be tuned by modifying the functional form
of the number of surface sites on the nanoclusters, thereby changing the growth pathway
and the final sizes of the clusters.
Figure 4.1. Summary of results. Schematic illustrating some of the different growth pathways
observed with the model.
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4.2 Introduction
Nanoclusters (NCs), defined as clusters of metal atoms less than 2 nm in diameter,70
contain unique properties with applications in catalysis,71–75 bio-imaging and sensing,76–79
and medical therapies.80 The small sizes of NCs present many synthetic challenges.70 The
primary challenge is NCs are metastable since thermodynamic stability increases with
particle size.81 Therefore, successful synthesis of NCs requires precise control over
experimental conditions, often utilizing ligands to trap NCs in a metastable state,75
sometimes referred to as colloidal stability.82
Synthesis of NCs generally proceeds through two routes: “bottom-up” and “top-down.”
In the bottom-up approach, metal ions are reduced to zero-valent metal atoms, often in
aqueous solution in the presence of ligands, which then proceed to grow to form NCs and
nanoparticles. Using this approach, atomically precise NCs have been synthesized with
thiolate-protected gold and silver nanoclusters serving as model systems.70–72,75,83 For
example, a typical synthesis procedure for gold NCs consists of the following. 1) Mix
Au(III) salt (e.g. AuCl4 – ) with thiol ligands (H-SR) followed by partial reduction to form
polymeric complexes of Au(I)-thiol. 2) Addition of NaBH4 to reduce Au(I) to Au(0). In
both steps, the reagent mixed with Au is in excess. The thiol-to-gold ratio is typically 3:1
or greater, and the NaBH4:Au mole ratio is often 10:1 or more. Under these conditions,
and with other synthetic procedures, NCs such as Au15(SG)13, Au18(SG)14, and Au25(SG)18
have been synthesized and studied.72,83 Despite the remarkable progress in synthesis
methodologies and analytical techniques, many questions remain about the formation
process and chemistry of thiolate-protected NCs. What is the role of ligands in preventing
runaway NC growth? How does the surface chemistry of the NC contribute to the stability
of the NC? Advances in microfluidic technology may help to answer some of these
questions.84
Theoretical models are also leading to an improved understanding.85–89 Among the
many approaches to modeling nanoparticle formation, kinetic rate equations (KREs) have
30
shown size focusing is possible in a purely reaction-limited regime.85 Further, KREs model
the evolution of nanoparticle nucleation and growth beginning at the formation of
zero-valent metal atoms (monomers), and have an advantage at describing the early stages
of NC formation. However, the existing KRE models are limited for two reasons: 1)
assumptions from classical nucleation theory (CNT) are incorporated85,88 and 2) a
coalescent growth mechanism is lacking.85,87–89
Experiments indicate that CNT fails to correctly describe NC formation,82,90,91 or at
least requires modifications to do so.92 In many experiments, the failure of CNT is
demonstrated by the observation of pre-nucleation clusters—clusters considered too small
by CNT to be stable in solution.93 For strongly associating systems (such as Ir, Au, Ag,
etc.), it has been argued the concept of a critical nucleus from CNT does not apply.82,86
Therefore, the assumption of a large critical nucleus composed of 10s of metal atoms in
theoretical models is questionable, especially since experiments indicate the critical nucleus
is just one or two monomers in strongly associating systems.86,94,95 Coalescent growth is an
important growth mechanism for nanoparticles,82,96–101 but was not included in other
ligand-mediated growth models,87–89 including our own.89
Here we have developed a kinetic model of ligand-mediated NC formation, building on
previous studies88,89 by incorporating a coalescent growth pathway, and excluding the
assumption of a critical nucleus from CNT. The model demonstrates time evolution of a
particulate size distribution of NCs where growth proceeds in multiples of a kinetically
stable cluster. The size of the kinetically stable NCs can be tuned by modulating the
functional form of the number of surface sites as a function of the size of the clusters.
Thus, the growth pathway of the NCs can be modified as desired by changing the
expression for the surface sites on the clusters. The model also demonstrates how the sizes
of NCs are sensitive to the competition between ligand adsorption and monomer addition
and coalescence. Our results will be of interest to experimentalists synthesizing NCs and
researchers designing synthetic protocols.
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4.3 Methods
Our model is composed of the following elementary steps. A monovalent metal atom is
reduced with rate coefficient kp (Eq. (4.1a)). In experiments, the reducing agent is often
present in excess, therefore, we model reduction as a first-order reaction. After being
reduced, the neutral metal atom can bind/unbind with a ligand with rate coefficients
kb/kub (Eq. (4.1b)). A dimer can form through the association of bare metal atoms
(Eq. (4.1c)) or through metal atoms bound to a ligand (Eqs. (4.1d) and (4.1e)) to form a
cluster of metal atoms denoted by Ci,j = Mi Lj. We denote the rate coefficient for dimer
formation kn and for simplicity we assume each reaction in Eqs. (4.1c) to (4.1e) occurs with
the same kn. Subsequently, cluster growth occurs through the addition of a metal-ligand
complex (Eq. (4.1f)) or a bare metal atom (Eq. (4.1g)). Growth must compete with ligand
association to a NC with i metal atoms and j adsorbed ligands (Eq. (4.1h)) for a limited
number of surface sites Ns(i) on the NCs. Finally, two clusters containing i and k metal
atoms and j and l ligands, respectively, may coalesce to form a larger cluster composed of
i+ k metal atoms and j + l ligands. We place additional constraints on coalescent growth
such that i+ k must always be less than imax (the maximum size of the NCs in the model)
and j + l must always be less than Ns(i+ k) (the available number of surface sites on a
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if i+ k ≤ imax; j + l ≤ Ns(i+ k) (4.1i)
∀i ≥ 2, ∀i, j ∈ N
The rate coefficients for growth kgi,j , ligand association kai,j , and coalescence kci,j
depend on the fraction of available surface sites on a cluster with i metal atoms (Eqs. (4.2)
to (4.4)). In contrast, the rate coefficients for dissociation kdi,j , and ligand elimination kei,j ,
depend on the fraction of surface sites that are occupied by ligands (Eqs. (4.5) to (4.6)).
To model the number of surface sites on a cluster of size i we use the expression
Ns(i) = [2.08i
2/3] where the brackets round to the nearest integer. The factor 2.08
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From the above reaction scheme, rate equations for each species can be derived. Next
we provide the rate equation for Ci,j (Eq. (C.9)). The brackets indicate molarity and the
factor 1/4 in the last term modeling coalescent growth avoids over-counting the possible




[Ci,j] = kgi−1,j−1 [ML][Ci−1,j−1]− kgi,j [ML][Ci,j]
+ kdi+1,j+1 [Ci+1,j+1]− kdi,j [Ci,j]
+ kgi−1,j [M][Ci−1,j]− kgi,j [M][Ci,j]
+ kdi+1,j [Ci+1,j]− kdi,j [Ci,j]
+ kai,j−1 [L][Ci,j−1]− kai,j [L][Ci,j]















∀i ≥ 3, ∀i, j ∈ N (4.7)
The indices w, x, y, and z in Eq. (C.9) are dummy indices. Table 4.1 provides a
summary of the rate coefficients used in the model. For all of the following results, we set









Table 4.1. Summary of model parameters.
The full system of ordinary differential equations are provided in the Supporting
Information. The number of ODEs neqns is approximately equal to
neqns ≈ imax +
∑imax
i Ns(i). If imax = 68 and Ns(i) = [2.08i
(2/3)], then neqns ≈ 1500. In this
case, a single calculation takes approximately five hours on a single Intel Skylake processor.
If imax = 500, then neqns ≈ 40 000. The system becomes prohibitively large as imax
increases. To solve the equations we used the radau solver from the Julia (v1.1.1)
differential equation package (v6.9.0) with the absolute and relative tolerances set to
1.0× 10−10. The package ODEInterfaceDiffEq (v3.5.0) was used to interface to the radau
solver. The equations were solved for a time span of 1.0× 106 s. Equations for [C2], [Ctot],
Davg, and number density ρi are provided below. The diameters of the NCs are calculated
according to a method developed elsewhere,88 where Di = DM(i/0.45)1/3 and DM is the
diameter of a monomeric unit which we set to 0.25 nm. The code is available as a Julia
package at https://github.com/dsuvlu/NanoclusterModeler.jl. Additional details















ρi = [Ci]/[Ctot] (4.11)
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4.4 Results and Discussion
Utilizing the model, we investigated ligand-mediated nanocluster formation and growth
by systematically varying the rate coefficients and initial concentrations of M+ and L. For
the following results, we set kp = 103 s−1, kb = 105 M−1s−1. This was motivated by the
observation that experiments demonstrating synthesis of NCs are often conducted with a
strong reducing agent, such as NaBH4. Furthermore, the metal atoms are often bound to
one or more ligands before the addition of the reducing agent to the solution. Therefore,
our choices of kp and kb ensure fast reduction kinetics and that most of the growth will
occur through the addition of a metal-ligand complex to the NCs. Figure 4.2 outlines four
































≈ 1; kg, kc ≫ ka
Figure 4.2. Schematic illustrating some of the different growth pathways observed with the
model.
In scenario (I) the ligand elimination rate ke from the surface of clusters Ci,j is larger
than the ligand association rate ka. In this case, there are few ligands on the surface of the
NCs to prevent growth and coalescence. Therefore, the clusters grow to large sizes. In
scenario (II) the ligand association rate is about three orders of magnitude larger than the
elimination rate, but approximately the same order of magnitude as the growth rate. In
this case the ligands attach to the dimer faster than the dimers can grow. Consequently,
growth stops at the dimer. In scenario (III), the ligand association rate is at least three







































































































































































































































































































































































































































































































































































































































orders of magnitude larger than the ligand association rate. As a result, the NCs grow until
reaching a kinetically stable size of C8,8. The size of this kinetically stable cluster is
dependent on the expression for the surface sites Ns(i). In scenario (IV) the ligand
association and elimination rates are approximately equal, however, the growth and
coalescence rates are much greater than the ligand association rate. In this case, the
kinetically stable cluster forms during the early stages of growth, and then coalescent
growth proceeds in multiples of the kinetically stable cluster. We expand on these
observations in the following discussion.
Figure 4.3 displays data for scenarios (I), (II), and (III). The time evolution of [M], [L],
[ML], [C2], [Ctot], and the average diameter Davg is displayed for ka = 103 M−1s−1 and for
different ligand elimination ke and growth rates kg. The NC number density is also plotted
as a function of diameter in the penultimate column. Figure 4.3 (c) displays the number
density for scenario (I) where ka/ke < 1. The rate coefficients are such that growth of the
NCs is favorable, but the NCs do not have ligands covering their surfaces to trap the NCs
in a metastable state and prevent growth. Therefore, as kg increases, the NCs grow to large
sizes. In contrast, Fig. 4.3 (a) displays the NC number density as a function of diameter for
scenarios (II) and (III). In this case, ka/ke  1 and while kg/ka ≈ 1, growth ceases at the
dimer. However, as kg increases such that kg/ka  1, growth proceeds to form the
kinetically stable cluster C8,8 but ceases at this size. Furthermore, the formation of the
kinetically stable cluster is sensitive to the ligand elimination rate. Figure 4.3 (b) displays
the NC number density as a function of diameter for ke = 102 M−1s−1. In this case, the
ligand elimination rate is large enough to allow NC growth beyond the kinetically stable
cluster.
Figures 4.4 and 4.5 compare the growth pathways of NCs without (kc = 0) and with
coalescence (kc = 103 M−1s−1), respectively, for a ligand association rate of
ka = 10
−3 M−1s−1, which is a factor of 106 smaller than the ligand association rate in
Fig. 4.3. Without coalescent growth, and while ka/ke ≥ 1, the NCs again form the
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kinetically stable C8,8 (Fig. 4.4 (a) and (b)). However, since ka is much smaller in this case
than that of Fig. 4.3, we do not observe stabilization of the dimer in Figs. 4.4 and 4.5.
Comparing Fig. 4.4 (b) to Fig. 4.5 (b), where the latter incorporates coalescence with
kc = 10
3 M−1s−1, we observe NC growth in factors of the kinetically stable cluster. In this
case, kc, kg  ka and ka/ke ≈ 1, so that ligand elimination occurs at a rate that allows slow
coalescence of the NCs. Under these conditions, the NCs display a particulate size
distribution with the spacing determined by the size of the kinetically stable cluster. This
is a demonstration of scenario (IV) as discussed earlier. Movie S1 in Appendix C
demonstrates the time evolution of the number density and adsorbed ligands for scenarios
(I) and (IV). Appendix C also contains an expanded collection of results from which we
extracted the scenarios discussed here. For example, Figures S15 to S18 and Movie S2
display data where the concentration was scaled for different combinations of ka and ke.
We also describe the time evolution of the NC size distribution for the rate coefficients
used in Fig. 4.5(b), but with different expressions for Ns(i). Figure 4.6 illustrates the time
evolution of the NC number density as a function of diameter for different expressions of
Ns(i). The size of the kinetically stable cluster, as shown in the third plot of the number
density in the time evolution, changes from C10,10 to C4,4 as the scaling factor in Ns(i)
changes from the 2.20 to 1.70. This completely changes the results in the size distribution
of NCs after coalescent growth has completed. Movie S3 in Appendix C illustrates the time
evolution of the data displayed in Fig. 4.6. Figure C.19 demonstrates that each of the
kinetically stable clusters occur at i/Ns(i) = 1.0 for each expression of Ns(i). This
observation can be rationalized in the following way. While i/Ns(i) < 1.0, the number of
surface sites is greater than the number of metal atoms in the cluster. Therefore, the NCs
with i/Ns(i) < 1.0 can readily accept a monomer of ML and grow to larger sizes. However,
when i/Ns(i) > 1.0 the NCs must release a ligand from their surface for additional growth
to occur. If the ligand association/elimination kinetics prevent ligand elimination in the






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 4.6. Time evolution of the NC number density as a function of diameter for different
Ns. The labels over the peaks indicate the number of metal atoms in the clusters. Note the
change in size of the kinetically stable cluster as the functional form of Ns changes.
illustrated in Fig. 4.6. Coalescent growth will then proceed in factors of the kinetically
stable cluster, but on a time scale determined by the ligand association/elimination
kinetics.




















Figure 4.7. The ratio of the number of metal atoms to the number of surface sites i/Ns as
a function of i. The stars indicate the location of the kinetically stable cluster for different
functional forms of Ns.
A strength of our model is its unique ability to produce the interesting NC growth
patterns observed in Fig. 4.6. These interesting growth pathways originate from
competition between NC growth through coalescence and the ligand
association/elimination kinetics. We believe this feature generally describes NC growth
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when the metal atoms are attached to ligands prior to reduction. However, the interesting
growth pathways just described only occur for a particular set of rate coefficients. The rate
coefficients are such that dimerization occurs relatively quickly, but not so quickly that all
the monomers are depleted from the solution. This allows monomers to attach to the
clusters so the clusters grow to larger sizes, eventually forming the kinetically stable cluster.
Furthermore, the ligand association rate is sufficiently small such that the ligands do not
attach to the growing NCs and prevent growth. These conditions allow the kinetically
stable cluster to form. Additionally, the ligand elimination rate is sufficiently slow to allow
coalescent growth to occur so that the NCs grow in multiples of the kinetically stable
cluster. While this result is exciting because it demonstrates ligand-mediated coalescent
growth in a kinetic model for the first time, it also reveals a deficiency in the model. The
model does not ascribe any thermodynamic stability to the NCs except in the sense that
the NCs prefer to grow to larger sizes. Thermodynamic products could be incorporated by
making select combinations of metal atoms and ligands particularly stable, for example,
through the use of super-atom theory, for example, through the use of super-atom
theory.105,106 An aging process also may be necessary to produce thermodynamic products
which could be done though the incorporation of dis- and comproportionation in the
model, both of which have been shown to be important for NC formation.83,107 We also do
not describe further NC interactions between charged species, which can be addressed, for
example, using DLVO theory.82 Additionally, the model presented here does not explicitly
account for the differing chemistry of metal atoms on the surface of the nanoclusters
compared to the internal structure of the clusters. For example, gold-thiolate nanoclusters
contain a Au(I)-thiolate motif on the surface with Au(0) contained within the cluster. In
the model, the cluster geometry is incorporated implicitly through the expression for the
number of binding sites Ns which originates from a fit to experimental data on
gold-thiolate clusters. Explicitly distinguishing between surface and internal metal atom
chemistry would likely alter the growth dynamics of the model in interesting ways but is
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unlikely to change our observation of the kinetically stable cluster. The size of the
kinetically stable cluster depends on the expression for the number of binding sites on the
nanoclusters which would not change if the model distinguished between surface and
internal metal atom chemistry. Lastly, the NCs in Fig. 4.6 only cease to grow because we
do not allow coalescent growth beyond imax, the maximum size NC included in the model.
The NCs continue to grow to larger sizes with an increase in imax. This could be remedied
by using a size-dependent ligand association rate, such that the large NCs prefer to bind
ligands more than the small NCs. With this condition, coalescent growth would eventually
cease because the NC surfaces would become saturated with ligands.
The growth patterns observed in our model are reminiscent of growth patterns observed
in gold-thiolate systems102,108–110 and represent a new development in modeling the
formation of gold NCs. For example, Negishi et al108 observed the formation of Au10L10
where glutathione was the ligand in their system. Similarly, we observe M10L10 as the
kinetically stable cluster in Fig. 4.6 for Ns(i) = [2.20i2/3]. Zeng et al109,111 also observed
Au10L10 as an important precursor in the formation of Au20L16, Au28L20, Au36L24, Au44L28,
and Au52L32 where the ligand was 4-tert-butylbenzenethiol (TBBT). Furthermore, Dass
observed cluster spacing of Au4L4 in MALDI mass spectra of gold thiolate nanoclusters
suggesting it was a kinetically stable intermediate in that system.102 A scaling factor of
1.82± 0.33 resulted from a fit of of Ns(i) to Aui Lj. We observe M5L5 as the kinetically
stable cluster when Ns(i) = [1.82i2/3]. However, when Ns(i) = [1.70i2/3] we observe M4L4
as the kinetically stable cluster. The scaling factor of 1.70 is within the estimated
uncertainty of experimental data.102 With the improvements suggested above, it may be
possible to precisely reproduce these experimental results. However, it is clear from this
study that any model attempting to describe nanocluster formation must include
coalescent growth and the effects of ligands in preventing the growth process.
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4.5 Conclusion
We have described a kinetic model of ligand-mediated nanocluster formation. The
model demonstrates the relative importance of the single monomer (classical) and
coalescent growth pathways. Coalescent growth can occur in factors of a kinetically stable
cluster but this growth pathway is very sensitive to the ligand association/elimination
kinetics to the surface of the NCs. We also showed how the NC growth pathway can be
modified by changing the functional form of the surface sites as a function of NC size.
Specifically, we observed kinetically stable cluster of sizes M10L10, M8L8, M5L5, and M4L4
for scaling factors of 2.20, 2.08, 1.82, and 1.70, respectively, in the expression for the
number of binding sites on the NCs. The latter cluster size of M4L4 has been observed in
the spacing of MALDI mass spectra of gold thiolate nanoclusters, suggesting it was the
kinetically stable cluster in that system. Our results suggest the final size distribution of
nanoclusters can be altered by changing the number of binding sites on the surfaces of
nanoclusters, perhaps by altering the steric hindrance using more or less bulky ligands.
These results will be of interest to experimentalists synthesizing nanoclusters.
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APPENDIX A
SUPPORTING INFORMATION FOR “THERMODYNAMICS OF
HELIX-COIL TRANSITIONS OF POLYALANINE IN OPEN CARBON
NANOTUBES.”
A.1 Summary
The SI contains additional details related to the molecular dynamics simulation and
analysis methods. We also provide supporting results related to helix formation in CNTs
including an image of A23 in each CNT for the AMBER99SB*-ILDN (Fig. A.1) and
CHARMM22 (Fig. A.2) force fields. Table A.1 contains the simulation length for each
system. In order to test force field effects we provide a phase diagram of ΘH in the (D,T )
plane for each force field (Figs. A.3, A.4, and A.5), and a plot of ΘH vs T for the
CHARMM22 force field (Fig. A.6). We expand on the description of the thermodynamic
analysis and supplement with Lifson-Roig parameters (Fig. A.7 and Table A.2) extracted
from the simulations using a Bayesian formalism.
A.2 Simulation Details
The systems were constructed by placing a fully extended (ψ = 180◦, φ = −180◦)
capped 23-alanine polypeptide (CH3CO-A23-NHCH3) inside the CNT coincident with the
axis running through the center of the tube. The CNT and A23 were hydrated in a TIP3P
water bath with hexagonal periodic boundary conditions. During the hydration procedure
water was allowed inside the CNT and not removed following solvation. Therefore, the
polypeptide was at least partially solvated before beginning the simulations. The system
was energy minimized via the conjugate gradient and steepest descent method. We used
gromacs 5.1.2 to perform the simulations with a time step of 0.002 ps in conjunction with
constrained bonds to hydrogen atoms with the Lincs algorithm. Equilibration was
performed in the NPT ensemble for 1 ns with Langevin dynamics and isotropic Berendsen
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pressure coupling at 1 bar. The inverse friction constant in the Langevin algorithm was
taken to be 2 ps. This results in a friction that is lower than that of water but high enough
to remove excess heat. Langevin dynamics was chosen as a thermostat because it has been
shown to reliably preserve the canonical ensemble in replica exchange simulations.112 The
time constant for Berendsen pressure coupling was 1 ps. Non-bonded interactions are
evaluated with a cutoff of 10Å. A long range dispersion was calculated for the energy and
pressure. The particle mesh Ewald (PME) method was used to evaluate the electrostatics
with a grid spacing of 1.2Å. The CNTs were held fixed by restraining the center of mass
(COM) coordinate of 8 carbon atoms in the middle of the CNT. The COM coordinate was
scaled with the scaling matrix of the pressure coupling.
To increase the hydrophobicity of the CNTs we scaled the Lennard-Jones potential of







)12 − 2 (rminij /rij)6] (A.1)
where λ = 1.0, 0.80, 0.64 and 0.56.
A.3 Analysis Methods
The α-helix is defined based on values in the (φ, ψ) plane such that the angles are
contained within the region (φα = −57◦ ± 30◦, ψα = −47◦ ± 30◦). The fraction of A23 in the
α-helix state ΘH is defined as the number of residues localized within (φα, ψα) divided by
the total number of residues in the polypeptide. However, a minimum number of three
consecutive residues localized within (φα, ψα) is necessary to form an α-helix. Thus,
sequences of length one or two residues in (φα, ψα) are not included in the definition of ΘH .
We extracted the thermodynamics from the simulations by fitting our data to an
expression for ∆GHC ,
∆GHC = −RT lnK(T ) = ∆Htotal(T )− T∆Stotal(T )
= (n− 2)∆Hres(T )− nT∆Sres(T )
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where K = ΘH/(1−ΘH) and n = 23 is the number of residues. A residue is defined as an
Cα flanked on both sides by peptide linkages.31,113 The −2∆Hres term originates from a
deficiency of 4 peptide hydrogen bonds in uncapped and capped α-helices because the first
four NH and last four CO groups do not form intra-helical hydrogen bonds.31,113,114 In this
context the effect of capping is to increase the number of residues by two so that n = naa
where n is the number of residues and naa is the number of amino acids whereas in an
uncapped polypeptide n = naa − 2. In both cases, however, the maximum number of
helical hydrogen bonds in two less than the number of residues nh = n− 2. The equation
for ∆GHC and the data in the Tables 1 and 2 of the manuscript are consistent with these
definitions where n = naa = 23 and nh = 21. Thermodynamics at 300 K are determined
using the expression
lnK(T ) = − (n−2)
RT
{∆H300K + ∆CP (T − 300 K)}+ nR{∆S300K + ∆CP ln[ T300K ]}.31,32
The Lifson-Roig parameters were determined using a Bayesian formalism.20,115 The
probability of a set of parameters given the simulation data were estimated with
p(parameters|data) ∝ p(data|parameters)p(parameters). (A.2)
We used a uniform prior p(parameters) = 1, and the likelihood function was estimated by
an expression for the probability of different conformations observed in the simulation,










where Nk is the number of observations of different conformations, ρk is the probability of
the conformation k, Z is the partition function, and xi,k is the weight of residue i in













Nc,i ln ci −Nk lnZ (A.4)
where Nx,i is the number of times residue i has the weight x = {wi, vi, ni, ci}. The partition







and the matrix Mi is defined as
Mi =

wi wici+2 0 0 0 0
0 0 0 vi 0 0
wini−2 wini−2ci+2 0 0 0 0
0 0 0 0 1 1
0 0 vi vi 0 0
0 0 0 0 1 1

(A.6)
The matrix V is a row vector V = [0 0 0 0 0 1] and VT is it’s transpose. In our case i = 1
since A23 is composed of a single type of amino acid. Initial estimates of w, v, n, and c are
produced by minimizing the negative of the log-likelihood via the Nelder-Mead algorithm
the results of which are used as input for a Markov Chain Monte Carlo (MCMC)
simulation in probability space using emcee.116 Averages and standard deviations are
determined from a single step of MCMC after ≈ 500 steps using 500 independent walkers.
Thermodynamic fits to the Lifson-Roig parameters using the expression
lnw = −∆H300K/RT + ∆S300K/R−∆CP (1− 300 K/T − ln[T/300 K])/R with a similar
expression for v
A.4 Results
Displayed below are snapshots of A23 for the AMBER99SB*-ILDN (Fig. A.1) and
CHARMM22 (Fig. A.2) force fields in each CNT , a table of simulation length per replica
(Table A.1), the Lifson-Roig parameters for the bulk and D = 13.6Å CNT systems
(Fig. A.7) with thermodynamic fits (Table A.2), as well as phase diagrams of ΘH in the
(D,T ) plane (Figs. A.3, A.4 and A.5).
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Figure A.1. Randomly selected equilibrium conformations of A23 in CNTs of diameter
(from top) D = 12.2, 13.6, 14.9, 16.3, 20.4, and 35.3Å for λ = 1.0 at 300 K from the
AMBER99SB*-ILDN force field.
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Figure A.2. Randomly selected equilibrium conformations of A23 in CNTs of diameter (from
top) D = 12.2, 13.6, 14.9, 16.3, 20.4, and 35.3Å for λ = 1.0 at 300 K from the CHARMM22
force field.
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Table A.1. Simulation length t per replica and the number of replicas NR for each system.
The starting coordinates for the simulations with λ < 1.0 were the last coordinates from the
λ = 1.0 systems, thus, the convergence time was faster and, consequently, the simulation
time per replica was shorter.
System NR t (ns) System NR t (ns)
amber99sb* charmm36
bulk 62 250 bulk 62 250
D = 12.2Å, λ = 1.0 74 20 D = 12.2Å, λ = 1.0 74 20
D = 12.2Å, λ = 0.80 74 20 D = 13.6Å, λ = 1.0 74 150
D = 12.2Å, λ = 0.64 74 20 D = 13.6Å, λ = 0.80 74 60
D = 12.2Å, λ = 0.56 74 20 D = 13.6Å, λ = 0.64 74 60
D = 13.6Å, λ = 1.0 74 150 D = 13.6Å, λ = 0.56 74 60
D = 13.6Å, λ = 0.80 74 50 D = 14.9Å, λ = 1.0 74 150
D = 13.6Å, λ = 0.64 74 50 D = 16.3Å, λ = 1.0 84 250
D = 13.6Å, λ = 0.56 74 60 D = 20.4Å, λ = 1.0 88 120
D = 14.9Å, λ = 1.0 74 200
D = 14.9Å, λ = 0.80 74 160 charmm22
D = 14.9Å, λ = 0.64 74 170 bulk 62 60
D = 14.9Å, λ = 0.56 74 90 D = 12.2Å, λ = 1.0 74 20
D = 16.3Å, λ = 1.0 84 100 D = 13.6Å, λ = 1.0 74 150
D = 16.3Å, λ = 0.80 84 130 D = 14.9Å, λ = 1.0 74 90
D = 16.3Å, λ = 0.64 84 140 D = 16.3Å, λ = 1.0 84 90
D = 16.3Å, λ = 0.56 84 150 D = 20.4Å, λ = 1.0 88 90
D = 20.4Å, λ = 1.0 88 100
D = 20.4Å, λ = 0.80 88 100
D = 20.4Å, λ = 0.64 88 80
D = 20.4Å, λ = 0.56 88 90
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Figure A.3. Phase diagram in the (D,T ) plane reporting the probability of helix formation
using ΘH (scale on the right) as the order parameter for λ = 1.0, 0.80, 0.64, and 0.56 for the
AMBER99SB*-ILDN force field.
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Figure A.4. Phase diagram of ΘH in the (D,T ) plane for the CHARMM36 force field.
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Figure A.5. Phase diagram of ΘH in the (D,T ) plane for the CHARMM22 force field.


























Figure A.6. Fractional helix content ΘH as a function of T (K) (for λ = 1.0) and t (ns)
(at 300 K) of A23 in the CNTs and bulk water. In the plots of ΘH vs T only every third
data point is plotted for clarity. Where error bars are not visible they are smaller than the
symbol.
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Figure A.7. Lifson-Roig parameters, w and v, as a function of T for bulk water and the
D = 13.6Å CNT. The last pair of figures are for the AMBER99SB* force field.
65




source (kJ mol−1 res−1) (J mol−1 K−1 res−1) (J mol−1 K−1 res−1)
bulk
w:charmm36 1.0 −3.29 (0.00) −9.38 (0.01) −11.59 (0.08)
w:Ref.22 −4.90 −14.27
w:amber99sb* 1.0 −2.87 (0.01) −10.54 (0.02) +4.04 (0.10)
w:Ref.20 −1.97 (0.13) −6.49 (0.38) −13.81 (1.26)
v:charmm36 1.0 +2.37 (0.01) −12.32 (0.03) −14.09 (0.14)
v:Ref.22 −0.88 −18.83
v:amber99sb* 1.0 +2.61 (0.01) −6.70 (0.03) −16.48 (0.11)
v:Ref.20 +2.97 (0.17) −3.60 (0.46) −33.47 (1.26)
D=13.6Å
w:charmm36 1.0 −2.30 (0.03) +11.74 (0.10) −42.48 (0.36)
w:amber99sb* 1.0 +0.34 (0.02) +14.47 (0.05) −41.05 (0.20)
w:amber99sb* 0.80 +0.04 (0.02) +14.19 (0.07) −42.26 (0.26)
w:amber99sb* 0.64 −1.17 (0.03) +11.36 (0.08) −39.06 (0.28)
w:amber99sb* 0.56 −1.73 (0.02) +10.11 (0.07) −37.46 (0.27)
v:charmm36 1.0 +4.28 (0.05) +18.21 (0.16) −61.46 (0.57)
v:amber99sb* 1.0 +5.01 (0.03) +18.20 (0.09) −53.61 (0.34)
v:amber99sb* 0.80 +4.71 (0.04) +18.34 (0.12) −57.95 (0.45)
v:amber99sb* 0.64 +2.80 (0.04) +13.86 (0.13) −52.01 (0.47)
v:amber99sb* 0.56 +1.88 (0.04) +11.75 (0.12) −48.53 (0.44)
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APPENDIX B
SUPPORTING INFORMATION FOR “WATER-MEDIATED
INTERACTIONS CONTRIBUTE TO HELIX FORMATION IN PROTEINS
CONFINED TO NANOTUBES.”
Contained within this Appendix is supporting information relating to the simulation and
analysis methods. We also provide results for the thermodynamics of the helix-coil
transition for A23 and S23 confined within the polar and non-polar nanotubes.
B.1 Methods
B.1.1 Simulation Details
The systems were constructed by placing a capped 23-alanine (CH3CO-A23-NHCH3) or
23-serine (CH3CO-S23-NHCH3) polypeptide inside the nanotubes coincident with the axis
running through the center of the tube. The alanine polypeptide started from a fully
extended (ψ = 180◦, φ = −180◦) conformation while the serine polypepide started from the
α-helix state. The nanotube and polypeptide were hydrated in a TIP3P water bath with
hexagonal periodic boundary conditions. During the hydration procedure water was
allowed inside the CNT. Water molecules within 3Å of the serine polypetide were removed
following solvation. The purpose of this was to avoid starting the simulation in a physically
unrealistic high energy state. The system was energy minimized via the conjugate gradient
and steepest descent method. We used gromacs 5.1.2 to perform the simulations with a
time step of 0.002 ps in conjunction with constrained bonds to hydrogen atoms with the
Lincs algorithm. Equilibration was performed in the NPT ensemble for 1 ns with Langevin
dynamics and isotropic Berendsen pressure coupling at 1 bar. The inverse friction constant
in the Langevin algorithm was taken to be 2 ps. This results in a friction that is lower than
that of water but high enough to remove excess heat. Langevin dynamics was chosen as a
thermostat because it has been shown to reliably preserve the canonical ensemble in replica
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exchange simulations.112 The time constant for Berendsen pressure coupling was 1 ps. In
the liquid water simulations, non-bonded interactions were evaluated with a cutoff of 10Å.
A long range dispersion was calculated for the energy and pressure. The particle mesh
Ewald (PME) method was used to evaluate the electrostatics with a grid spacing of 1.2Å.
The non-bonded interactions were evaluated with no cut-off in the gas phase simulations.
The temperature spacing for the 30 replicas spanning the temperature range 280 K to
600 K in the gas phase was determined by following a procedure established elsewhere.117
The CNTs were held fixed by restraining the center of mass (COM) coordinate of 8 carbon
atoms in the middle of the CNT. The COM coordinate was scaled with the scaling matrix
of the pressure coupling.
B.1.2 Boron Nitride Nanotube
Simulation parameters for the boron nitride nanotube were taken from a previous
study.118–120
B.1.3 Analysis
As with our previous work,1 we monitored the fractional helix content of the
polypeptides with time to ensure we were sampling from equilibrium structures. We
performed a time series analysis of the fractional helix content where we calculated the
autocorrelation of fh and the effective number of uncorrelated samples and the statistical
inefficiency.121 This allowed us to determine which configurations from the simulation to
use for averaging. We also checked that the choice of algorithm was providing simulation
results from the correct thermodynamic ensemble.122 Thus, we are confident our simulation
data is representative of equilibrium structures from valid thermodynamic ensembles.
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The thermodynamics at 300 K were determined by fitting ∆Ghc = −RT lnK(T ) to the
following function,
∆Ghc = H300K + a(T
2 − (300 K)2)/2 + b(T 3 − (300 K)3)/3 + c(T 4 − (300 K)4)/4
+ d(T 5 − (300 K)5)/5 + e(T 6 − (300 K)6)/6 + f(T 7 − (300 K)7)/7
+ g(T 8 − (300 K)8)/8− T{S300K + a(T − 300 K) + b(T 2 − (300 K)2)/2
+ c(T 3 − (300 K)3)/3 + d(T 4 − (300 K)4)/4 + e(T 5 − (300 K)5)/5
+ f(T 6 − (300 K)6)/6 + g(T 7 − (300 K)7)/7} (B.1)
where a, b, c, d, e, f , and g are fitting parameters. The fit was performed for each system
with an increasing number of fitting parameters until the thermodynamic values were
observed not to vary more than a tenth between fits. The following table lists the number
of fitting parameters that were used for each system. For the S23 polypeptide in the NPNT
in liquid water we used the following equation to determine the thermodynamics,




where Cp is the constant pressure heat capacity.
system # of parameters
A23, NPNT, water 4
A23, NPNT, no water 4
A23, PNT, water 4
A23, PNT, no water 4
S23, NPNT, water *
S23, NPNT, no water 7
S23, PNT, water 5
S23, PNT, no water 7
Table B.1. Number of fitting parameters from Eq. (B.1) for each system. *See Eq. (B.2) for
the equation used in the fitting procedure in this case.
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B.2 Results
Table B.2. Free energy, enthalpy, and entropy of helix formation at 300 K inside the 13.6 Å
carbon nanotube both with and without water.
∆Ghc (kJ/mol) ∆H (kJ/mol) ∆S (J/mol)
A23 w/o water
λ = 1.00 −4.97± 0.07 −2.94± 0.05 6.76± 0.16
λ = 0.56 −5.20± 0.08 −3.46± 0.05 5.81± 0.18
S23 w/o water
λ = 1.00 −4.35± 0.77 −4.72± 0.55 −1.2± 1.8
λ = 0.56 −4.44± 0.66 −5.79± 0.46 −4.5± 1.5
A23 w/ water
λ = 1.00 −8.75± 0.24 −7.35± 0.17 4.67± 0.56
λ = 0.56 −9.62± 0.38 −12.75± 0.27 −10.43± 0.89
S23 w/ water
λ = 1.00 6.7± 2.2 44.1± 1.6 124.4± 4.9
λ = 0.56 4.8± 1.4 20.0± 1.0 50.8± 3.1
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Table B.3. Free energy, enthalpy, and entropy of helix formation in A23 and S23 at 300 K
inside the 13.6 Å polar boron nitride nanotube both with and without water.
∆Ghc (kJ/mol) ∆H (kJ/mol) ∆S (J/mol)
A23 w/o water
|q| = 0.30 −4.97± 0.05 −2.86± 0.03 7.03± 0.11
|q| = 0.70 −4.83± 0.10 −2.60± 0.07 7.45± 0.23
S23 w/o water
|q| = 0.30 −4.66± 0.33 −3.56± 0.23 3.69± 0.78
|q| = 0.70 −4.3± 3.5 −9.1± 2.5 −16.4± 8.1
A23 w/ water
|q| = 0.30 −8.30± 0.13 −4.90± 0.10 11.35± 0.31
|q| = 0.70 −8.78± 0.36 −6.37± 0.25 8.05± 0.84
S23 w/ water
|q| = 0.30 −5.75± 0.52 −8.41± 0.37 −8.9± 1.2
|q| = 0.70 −5.16± 0.46 −5.96± 0.33 −2.7± 1.1
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APPENDIX C
SUPPORTING INFORMATION FOR “NANOCLUSTER GROWTH AND













kgi,j [M][Ci,j ] (C.2)
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kei,j [Ci,j ] (C.3)
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2 − kg2,0 [ML][C2,0] + kd3,1 [C3,1]− kg2,0 [M][C2,0]









[C2,1] = kn[M][ML]− kg2,1 [ML][C2,1] + kd3,2 [C3,2]− kg2,1 [M][C2,1]










2 − kg2,2 [ML][C2,2] + kd3,3 [C3,3]− kg2,2 [M][C2,2]









[C2,3] = −kg2,3 [ML][C2,3] + kd3,4 [C3,4]− kg2,3 [M][C2,3]









[Ci,j ] = kgi−1,j−1 [ML][Ci−1,j−1]− kgi,j [ML][Ci,j ] + kdi+1,j+1 [Ci+1,j+1]− kdi,j [Ci,j ]
+ kgi−1,j [M][Ci−1,j ]− kgi,j [M][Ci,j ] + kdi+1,j [Ci+1,j ]− kdi,j [Ci,j ]














∀i ≥ 2, ∀i, j ∈ N (C.9)
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C.2 Additional Results and Discussion
In the following text we describe the Figs. C.1 to C.19.
C.2.1 Scaling the growth rate coefficient kg
Figures C.1 to C.9 display data where the growth rate coefficient kg is scaled for
different combinations of kn, ka, ke, and kc. Figure C.1 compares the effects of scaling kg
for different dimerization rate coefficients kn without coalescent growth. The nanoclusters
slightly shift to smaller sizes as kn increases. Figures C.2 to C.5 display results for a slow
ligand association rate (ka = 10−3 M−1s−1) while Figs. C.6 to C.9 display results for a
relatively fast ligand association rate (ka = 103 M−1s−1).
Figures C.2 to C.3 compare the effects of scaling the growth rate kg without and with
coalescent growth, respectively, for kn = 101 M−1s−1, ka = 10−3 M−1s−1 and varying ke.
Without coalescence, (Fig. C.2) the nanoclusters accumulate at the kinetically stable
cluster C8,8. With coalescence, (Fig. C.3) the nanoclusters grow in multiples of the
kinetically stable cluster on a time scale determined by the ligand elimination rate.
Figures C.4 to C.5 display data for the same rate coefficients as in Figs. C.2 to C.3 except
kn = 10
4 M−1s−1. Again, we observe that without coalescence (Fig. C.4) the nanoclusters
accumulate at the kinetically stable cluster C8,8 and with coalescence (Fig. C.5) the
nanoclusters grow in multiples of the kinetically stable cluster.
Figures C.6 to C.7 compare the effects of scaling the growth rate kg without and with
coalescent growth, respectively, for kn = 101 M−1s−1, ka = 103 M−1s−1 and varying ke.
Unsurprisingly, the nanoclusters in Fig. C.7 grow to larger sizes than the clusters displayed
in Fig. C.6 for the same rate coefficients. Comparing Fig. C.6 and Fig. C.7 to Fig. C.2 and
Fig. C.3 we see that the more interesting growth pathway occurs for the smaller ligand
association rate coefficient ka = 10−3 M−1s−1. This can be rationalized in the following way.
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When the ligand association rate coefficient is large (ka = 103 M−1s−1), the elimination rate
must also be large for nanocluster growth to occur. However, as the elimination rate
becomes large, growth happens too quickly, consequently, a polydisperse nanocluster size
distribution results. In contrast, when the ligand association rate is low
(ka = 10−3 M−1s−1), growth easily out competes ligand association to the clusters and
ligand elimination does not need to be large to allow growth to occur. In this case, the
kinetically stable nanocluster can form, resulting in the interesting growth pathway in
multiples of the kinetically stable cluster. Figures C.8 to C.9 display data for the same rate
coefficients as in Figs. C.6 to C.7 except kn = 104 M−1s−1. We observe the same trend in
Figs. C.8 to C.9 where the more interesting growth pathway is observed in the data for a
small ligand association rate (Figs. C.4 to C.5).
C.2.2 Scaling the coalescence rate coefficient kc
Figures C.10 to C.14 display data where the coalescence rate coefficient kc is scaled for
different combinations of kn, ka, and ke. Figure C.10 compares the effects of scaling kc for
different dimerization rate coefficients kn. Scaling kn has little effect on the final size
distribution for the rate coefficients used. Figures C.11 to C.12 display results for a slow
ligand association rate (ka = 10−3 M−1s−1) while Figs. C.13 to C.14 display results for a
relatively fast ligand association rate (ka = 103 M−1s−1).
Figures C.11 to C.12 compare the effects of scaling the coalescence rate kc with a
relatively slow and fast dimerization rate, respectively, for kg = 104 M−1s−1,
ka = 10
−3 M−1s−1 and varying ke. Scaling the coalescence rate does not drastically change
the growth pattern, but does change the time at which growth completes. We observe
formation of the kinetically stable nanocluster for the slow dimerization rate
(kn = 101 M−1s−1) where the clusters then grow in multiples of the kinetically stable cluster
on a time scale determined by the ligand elimination rate ke. For the fast dimerization rate
(kn = 104 M−1s−1), the dimers form too quickly depleting the monomers from the solution.
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In this case, there are not enough monomers available for the dimers to grow and form the
kinetically stable cluster.
Figures C.13 to C.14 compare the effects of scaling the coalescence rate kc with a
relatively slow and fast dimerization rate, respectively, for kg = 104 M−1s−1,
ka = 10
3 M−1s−1 and varying ke. Similar to the results for the scaled growth rate kg, we do
not observe formation of the kinetically stable cluster with a fast ligand association rate
coefficient and the resulting nanocluster size distribution is polydisperse. Compared to the
data Figs. C.11 to C.12 the more interesting growth pathway occurs for the slow ligand
association rate.
C.2.3 Scaling the concentration of M+
Figures C.15 to C.18 display data where the concentration of M+ is scaled for different
combinations of kn, ka, and ke. Figures C.15 to C.16 display results for a slow ligand
association rate (ka = 10−3 M−1s−1) while Figs. C.17 to C.18 display results for a relatively
fast ligand association rate (ka = 103 M−1s−1).
Again, the more interesting growth pathway occurs when the kinetically stable cluster
forms during the growth process. As previously discussed, we observe formation of the
kinetically stable cluster for the case of a slow ligand association rate (ka = 10−3 M−1s−1)
and relatively slow dimerization (kn = 101 M−1s−1) as displayed in Fig. C.15. Under these
circumstances, the nanocluster growth does not display sensitivity to the initial
concentration of the metal ion M+.
The kinetically stable cluster also forms with a fast ligand association rate
(ka = 103 M−1s−1) but only as the initial concentration of the metal ion M+ approaches the
concentration of the ligand as shown in Fig. C.17. In this case, the kinetically stable cluster
forms while [M+] = [L] = 6.0 mM, ka = 103 M−1s−1, ke ≤ 1 M−1s−1. We also provide a
movie for the number density displayed in Fig. C.17 (b).
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C.2.4 Effect of changing exponent in Ns(i)
Figure C.19 displays the effect of changing the exponent on i in the expression for Ns(i)
on size of the kinetically stable cluster.
C.3 Movies
The following movies are available at
https://doi.org/10.26434/chemrxiv.11865879.v2.
Movie S1. Time dependent number density (left) and probability of a nanocluster
having j adsorbed ligands given i metal atoms P (j|i) (right) for scenarios I (top row,
ke = 10
3 s−1) and IV (bottom row, ke = 10−3 s−1) discussed in the main text. The rate
coefficients were set to kp = 103 s−1, kb = 105 M−1s−1, kn = 101 M−1s−1, ka = 10−3 M−1s−1,
kg = 10
4 M−1s−1, kc = 103 M−1s−1. The concentrations were [M+] = 0.05 mM,
[L] = 6.00 mM.
Movie S2.Time dependent number density (left) and and probability of a nanocluster
having j adsorbed ligands given i metal atoms P (j|i) (right) for the case when
[M+] = [L] = 6.0 mM, ka = 103 M−1s−1, ke = 1 M−1s−1 as displayed in Fig. C.17 (b).
Movie S3.Time dependent number density for different functional forms of the surface
sites on the clusters Ns(i). The rate coefficients were set to kp = 103 s−1, kb = 105 M−1s−1,
kn = 10
1 M−1s−1, ka = 10−3 M−1s−1, ke = 10−3 s−1, kg = 104 M−1s−1, kc = 103 M−1s−1. The










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure C.19. Ratio of the number of metal atoms in a nanocluster i to the number of binding
sites Ns for different functional forms of Ns. The star indicates the location of the kinetically
stable cluster. Note that the kinetically stable cluster occurs at a ratio of i/Ns = 1.0 despite
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